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Abstract 
Historically, studies on the maturation and intracellular transport of melanosomes in 
melanocytes have greatly contributed to elucidating the general mechanisms of 
intracellular transport in many different types of mammalian cells.  During 
melanosome maturation, melanosome cargoes including melanogenic enzymes (e.g., 
tyrosinase) are transported from endosomes to immature melanosomes by membrane 
trafficking, which must require a membrane fusion process likely regulated by SNAREs 
(soluble NSF (N-ethylmaleimide-sensitive factor) attachment protein receptors).  In 
this article, we review the literature concerning the expression and function of SNAREs 
(e.g., v-SNARE VAMP7 and t-SNAREs syntaxin-3/13 and SNAP-23) in melanocytes, 
especially in regard to the fusion process in which melanosome cargoes are finally 
delivered to immature melanosomes.  We also describe the recent discovery of the 
SNARE recycling system on mature melanosomes in melanocytes.  Such SNARE 
dynamics, especially the SNARE recycling system, on melanosomes will be useful in 
understanding as yet unidentified SNARE dynamics on other organelles. 
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Introduction 
The melanosomes in melanocytes are cell-type specific organelles in which melanin is 
synthesized and stored, and they are classified into four stages (I–IV) according to their 
morphological features and degree of melanin deposition.  Melanosomes do not 
contain any pigment in the initial stage (I) but gradually darken as melanin is produced 
in the later stages (II–IV).  The pigmentation process requires that three melanogenic 
enzymes, i.e., tyrosinase, Tyrp1 (tyrosinase-related protein 1), and Dct (dopachrome 
tautomerase; also called Tyrp2), be transported to the melanosomes.  Tyrosinase and 
Tyrp1 that have been properly folded in an endoplasmic reticulum and the Golgi 
apparatus are secreted by the trans-Golgi network and transported to melanosomes via 
endosomes.  In addition to these melanogenic enzymes, non-enzymatic melanosome 
proteins such as a copper ion transporter ATP7A and a chloride ion channel OCA2 are 
also necessary to be properly transported to melanosomes for melanin synthesis.  Thus, 
the intracellular endosomal system plays a pivotal role in the transport of these 
melanosome cargoes, and abnormalities in the transport system cause certain hereditary 
diseases characterized by impaired pigmentation of hair, skin, and eyes (e.g., 
Hermansky–Pudlak syndrome [HPS]) [1].  HPS (HPS1–9) is an autosomal recessive 
disorder characterized by oculocutaneous albinism and bleeding tendency.  Their 
pathological effects are attributable to impaired biogenesis of lysosome-related 
organelles (LROs) in multiple cell types such as melanosomes in melanocytes [2].  
Griscelli syndrome and Chédiak-Higashi syndrome are also known as LRO disorders 
characterized by hypopigmentation.  Melanosome transport along the actin 
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cytoskeleton is impaired in melanocytes from Griscelli syndrome patients, whereas 
melanosome biogenesis is impaired in melanocytes from Chédiak-Higashi syndrome 
patients [3]. 
 Recent advances in live-cell imaging techniques have made it possible to 
analyze the dynamics of intracellular molecules more precisely, and, among other things, 
they have revealed that melanosome cargoes, including Tyrp1, are transported to 
melanosomes via recycling endosomes, which are specialized endosomes for sorting 
and recycling internalized plasma membrane proteins and lipids in general (Figure 1).  
Since melanosomes are surrounded by a lipid bilayer, the same as other organelles, 
transport of melanosome cargoes to melanosomes must be tightly regulated by a group 
of molecules that control membrane (or vesicular) trafficking: Rab small GTPases, 
adaptor protein (AP) complexes, and SNAREs (soluble NSF 
(N-ethylmaleimide-sensitive factor) attachment protein receptors).  In this article, we 
briefly review the literature regarding the known melanosome cargo transport pathways 
and summarize current knowledge concerning the role of SNAREs in melanosome 
biogenesis, especially in regard to the fusion process between transport vesicles that 
contain melanosome cargoes and maturing (or immature) melanosomes. 
 
Transport pathways of melanosome cargoes to maturing melanosomes 
Two main pathways, both of which utilize the endosomal system, have been reported to 
be involved in the transport of melanosome cargoes: one is a biogenesis of 
lysosome-related organelles complex (BLOC)-1-dependent pathway and the other is a 
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BLOC-1-independent/AP-3-dependent pathway (Figure 1); however, BLOC-1 is known 
to cooperate with AP-3 in the transport of certain cargoes [4, 5].  In a steady state, 
BLOC-1 and AP-3 are localized at distinct microdomains of early endosomes and are 
thought to transport different melanosome cargoes [5].  A BLOC is a protein complex 
composed of several subunits, and three types of BLOCs have been reported.  BLOC-1, 
-2, and -3 are well conserved protein complexes in metazoans.  BLOC-1 is composed 
of at least eight subunits, and mutations in one of several of its subunits have been 
reported in HPS patients and in HPS model mice [6].  Loss of function of one of the 
three BLOCs, BLOC-1, is known to cause the severest pigment dilution (or coat color 
dilution) phenotype.  Moreover, based on the results of creating double recessive or 
triple recessive mutant mice for each type of BLOCs, BLOC-1 has been proposed to 
function most dominantly in the pigment dilution phenotype [6].  BLOC-1 regulates 
the transport of certain melanosome cargoes, including ATP7A and Tyrp1, and promotes 
cargo transport from recycling endosomes to melanosomes [7, 8].  Thus, BLOC-1 is 
closely related to the dynamics of recycling endosomes, consistent with a report that 
BLOC-1 and the recycling endosomal regulator Rab11 are genetically correlated in 
Drosophila [9].  Interestingly, BLOC-1 is not significantly involved in the tyrosinase 
trafficking to melanosomes.  Actually, a certain amount of tyrosinase, but not of 
ATP7A copper transporter, is transported to melanosomes in BLOC-1-deficient 
melanocytes, but tyrosinase is unable to function, because it needs copper ions as a 
cofactor to exert its function [7].  Since no known protein motif has been found in each 
subunit of BLOC-1, the precise molecular mechanism regulated by BLOC-1 is still 
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poorly understood.  In recent years Raposo’s group has reported that BLOC-1 controls 
the formation of Tyrp1-containing tubules, namely, the formation of recycling 
endosomes from early endosomes, by coordinating microtubules and actin filaments in 
the vicinity of the early endosomes [10].  BLOC-2 has been shown to function 
downstream of BLOC-1 and to promote fusion between recycling endosomes that 
contain melanosome cargoes and maturing melanosomes [11]. 
 APs are tetrameric protein complexes that mediate the sorting of selective 
cargoes into vesicles, and five APs have been reported.  One of them, AP-3, plays a 
pivotal role in the endosome trafficking system.  The AP-3-dependent pathway is 
mainly used for tyrosinase transport to melanosomes, whereas the BLOC-1-dependent 
pathway is used for transport of ATP7A and Tyrp1 as mentioned above.  On the other 
hand, transport of OCA2 to melanosomes requires both pathways, although it is much 
less dependent on BLOC-2, suggesting that more complicated transport pathways exist 
for transport of melanosome cargoes. [7, 8, 11-14]. 
 
SNAREs in melanocytes 
A membrane fusion process between recycling endosomes and melanosomes is 
necessary for melanosome cargoes on recycling endosomes to be finally transported to 
melanosomes, and SNAREs, general fusion machineries, are likely to be involved in the 
process.  SNAREs are small proteins consisting of 100 to 300 amino acids that are 
found in all eukaryotes, and each SNARE contains one or two SNARE motifs 
consisting of about 60 amino acids.  Each SNARE motif consists of a coiled-coil 
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structure containing repeating sequences of seven amino acids and forms an α-helical 
structure upon formation of a complex with cognate SNAREs.  Approximately 40 
SNAREs have been identified in mammals thus far, and each SNARE is localized at 
different organelles within cells.  A “SNARE hypothesis”, which states that cognate 
SNAREs associate and assemble together to promote fusion, has been proposed, and 
membrane fusion has been demonstrated to occur only when one v-SNARE (vesicle 
SNARE) protein is present on the vesicle and two or three t-SNARE (target SNARE) 
proteins are present on the target membrane [15].  The SNARE complex is a bundle of 
four α-helices, and, in principle, one α-helix is supplied by each SNARE, however, in 
the case of the SNAP (synaptosomal-associated protein)-25 family members (SNAP-23, 
-25, -29, and -47), two helices are supplied by one SNAP.  Crystallographic analysis 
has revealed that the bundle of four helices of the SNARE motif consists of 16 layers 
(named layers -7 to +8 along the bundle), and almost all of the layers are composed of 
hydrophobic amino acids, but, exceptionally, only the central layer (layer 0) is 
composed of glutamine (Q) or arginine (R) (i.e., polar residues), which enables the 
formation of hydrogen bonds between them.  These amino acids are well conserved, 
and SNARE proteins containing arginine are called R-SNAREs while those containing 
glutamine are called Q-SNAREs.  Interestingly, R-SNAREs and Q-SNAREs function 
as v-SNAREs and t-SNAREs, respectively [16]. 
 The presence of SNAREs in melanocytes was originally reported by Wade et 
al. and Scott et al.  They showed that various SNAREs are expressed in B16 
melanoma cells [17, 18].  Although the function of most of the reported SNAREs 
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remains to be determined, one of the v-SNAREs, VAMP7 (vesicle-associated membrane 
protein 7; also known as TI-VAMP) has been reported to be involved in melanosome 
maturation.  VAMP7 was originally described as a v-SNARE protein expressed in late 
endosomes and lysosomes, and, in melanocytes, it is clearly localized on melanosomes 
[19, 20].  Two t-SNAREs, syntaxin-3 and syntaxin-13, are localized on melanosomes 
and tubular recycling endosomes that contain Tyrp1, respectively, in melanocytes, [11, 
21, 22], and another t-SNARE, SNAP-23, has been shown to be present in the 
melanosome fraction [22].  Possible involvement of t-SNARE syntaxin-17 in the 
age-related vitiligo-like coat color dilution in Gray horses has also been reported, but it 
is still unclear whether syntaxin-17 directly regulates melanosome cargo trafficking 
[23]. 
 
Transfer of melanogenic enzymes to melanosomes – anterograde trafficking 
regulated by SNAREs – 
As described above, melanosome cargoes are transported to melanosomes via tubular 
recycling endosomes.  BLOC-1 regulates tubulation of recycling endosomes by 
coordinating microtubule-dependent transport and local actin filament formation, and 
the resulting tubular recycling endosomes deliver melanosome cargoes by fusing with 
melanosomes.  Thus, BLOC-1 is primarily thought to be an essential protein complex 
for anterograde transport of melanosome cargoes to melanosomes.  Although 
syntaxin-13 is known to regulate cargo protein recycling to the plasma membrane and 
homotypic endosomal fusion in non-melanocytic cells [24, 25], it has been shown to 
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serve as a t-SNARE localized at tubular recycling endosomes in melanocytes.  Since 
Tyrp1 was found not to be transported to melanosomes and instead to be mislocalized to 
syntaxin-13-positive endosomes in BLOC-1-deficient melanocytes, BLOC-1 and 
syntaxin-13 are likely to cooperatively regulate Tyrp1 transport [8, 19].  Consistent 
with this, pallidin (BLOC1S6), a subunit of BLOC-1, has been shown to physically 
interact with syntaxin-13 [26].  VAMP7 is localized at melanosomes, and transport of 
VAMP7 to melanosomes is BLOC-1-dependent [19].  Moreover, VAMP7-knockdown 
(KD) melanocytes showed hypopigmentation in addition to Tyrp1 transport defects [19, 
20], and the presence of its cognate t-SNARE proteins is necessary for VAMP7 to carry 
out its function in melanocytes.  Syntaxin-13 is a likely candidate for the cognate 
t-SNARE, because it is known to form a complex with VAMP7 [27].  Actually, both 
Tyrp1 and VAMP7 mislocalize to lysosomes and a hypopigmentation phenotype is 
observed in syntaxin-13-KD melanocytes, suggesting that syntaxin-13 is involved in 
anterograde transport of melanosome cargoes [21].  On the other hand, Chi et al. 
comprehensively searched for molecules that are expressed in melanosomes by 
performing a proteomic analysis, and they identified syntaxin-3, another t-SNARE, in 
the melanosome fraction [28].  Yatsu et al. have determined that syntaxin-3 is clearly 
localized at melanosomes in melanocytes, and they have shown that both Tyrp1 
transport to melanosomes and pigmentation are impaired in syntaxin-3-deficient 
melanocytes [22].  Similar defects have also been observed in melanocytes deficient in 
SNAP-23, another t-SNARE that is also present in the melanosome fraction [22].  
Furthermore, the existence of a complex consisting of VAMP7–syntaxin-3–SNAP-23 in 
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melanocytes supports a model in which this SNARE complex promotes Tyrp1 transport 
to melanosomes [22].  At least two types of SNARE complexes, 
VAMP7–syntaxin-13–unknown-t-SNARE(s) and VAMP7–syntaxin-3–SNAP-23, are 
involved in the transport of melanosome cargoes to melanosomes.  However, it is still 
impossible to clearly explain why these two distinct SNARE complexes simultaneously 
function to transport melanosome cargoes in melanocytes.  There may be a 
complicated mechanism(s) by which VAMP7 changes its cognate t-SNAREs 
spatiotemporally for melanosome cargo transport. 
 Rab small GTPases are essential regulators of various membrane trafficking 
processes that are conserved in all eukaryotes.  They function as molecular switches by 
cycling between GDP-bound inactive and GTP-bound active states and promote 
membrane trafficking through interaction with their effectors (i.e., active Rab-binding 
partners) [29].  Interestingly, several Rabs and their effectors strongly influence the 
above-mentioned melanosome cargo transport regulated by SNAREs.  The generally 
recognized mild coat color dilution of chocolate mice has been shown to be caused by 
dysfunction of Rab38 [30].  Rab38 and its close homolog Rab32 have been shown to 
be localized at early endosomes and mature melanosomes in melanocytes, and the two 
Rabs redundantly regulate tyrosinase and Tyrp1 transport to melanosomes [31-33].  
Several effector molecules for Rab32/Rab38 have been identified, and functions of one 
of them, Varp (VPS9-ankyrin-repeat protein) in melanocytes, have been well studied 
[34].  Varp contains an N-terminal VPS9 (vacuolar sorting protein 9) domain and 
C-terminal tandem ANKR (ankyrin repeat) domains (named ANKR1 and ANKR2).  
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The Varp VPS9 domain functions as a GEF (guanine nucleotide exchange factor) for 
Rab21, but Rab21 activation by Varp is not essential for Tyrp1 transport in melanocytes 
[20].  By contrast, ANKR1 specifically binds to the GTP-bound active Rab32/Rab38, 
and the ANKR1–Rab32/Rab38 interaction is essential for Tyrp1 transport.  
Furthermore, ANKR2 has been reported to indirectly regulate Tyrp1 transport through 
quality control of Varp protein [35, 36].  The region (VID: VAMP7-interaction 
domain) between the two ANKRs is essential for binding to VAMP7 [37], and 
VID-deleted Varp is unable to promote Tyrp1 transport to melanosomes [20].  
Moreover, Di Pietro’s group has reported that myosin Vc and BLOC-2 are other 
Rab32/Rab38 effectors.  Myosin Vc has been shown to localize at early endosomes in 
melanocytes, where activated Rab32/Rab38 are present, and the interaction between 
myosin Vc and Rab32/Rab38 has been proposed to regulate trafficking of Tyrp1 and 
VAMP7 to melanosomes [31].  As mentioned above, BLOC-2 has been shown to 
participate in targeting melanogenic enzymes from recycling endosomes to 
melanosomes [11].  The above reports taken together indicate that Rab32/Rab38 and 
their effectors contribute to anterograde transport of melanosome cargoes to 
melanosomes through physically and/or functionally interacting with VAMP7. 
 
Recovery of SNAREs from melanosomes – retrograde trafficking of SNAREs – 
After fusion, the SNAREs that have been transported to melanosomes need to be 
retrieved in order to prepare the next round of melanosome cargo transport.  Although 
VAMP7 has been reported to be internalized from the plasma membrane in an ArfGAP 
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Hrb-dependent manner and to be returned to late endosomes via early endosomes [38], 
the SNARE recovery mechanisms in intracellular organelles are poorly understood.  
Marks’ group has recently demonstrated part of the SNARE recovery mechanism from 
melanosomes by using fine live-cell imaging [19].  In a steady state, they found that 
melanosome cargoes such as Tyrp1 and OCA2 continue to localize on the melanosome 
membrane, whereas VAMP7 localizes to tubular structures formed from melanosomes, 
where Tyrp1, OCA2, and syntaxin-13 are not present, implying that VAMP7 is 
transported from melanosomes via a syntaxin-13-independent pathway (Figure 1).  
Interestingly, both Rab38 and Varp are localized in this VAMP7-positive tubule, and the 
binding to VAMP7 and Rab38 determines the Varp localization on the tubule.  Since 
Tyrp1 is not loaded onto the VAMP7-positive tubule, the tubule is assumed to be a 
structure that recovers VAMP7 from melanosomes and returns it to early endosomes.  
BLOC-3 is a heterodimeric complex consisting of HPS1 and HPS4 and has been shown 
to be a Rab32/Rab38-GEF [39].  The recruitment of Rab32/Rab38 effector Varp to 
melanosomes is substantially reduced in BLOC-3-deficient melanocytes, where 
Rab32/Rab38 are not activated, and formation of VAMP7-recycling tubules from 
melanosomes is also suppressed.  Moreover, Owen’s group has clearly demonstrated 
that the interaction between VAMP7 and Varp prevents SNARE complex formation by 
retaining VAMP7 in a fusogenically inactive                                                                                                                                                                                                              
state [40].  Most recently, Ripoll et al. have reported that a myosin VI motor binds to 
the neck of the VAMP7 tubule emanated from melanosomes and scissors it, although 
the molecular mechanism by which myosin VI is recruited to melanosomes still remains 
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unknown [41].  Based on all of the above taken together, the following VAMP7 
recovery model has been proposed (Figure 1): activated Rab32/Rab38 are recruited to 
melanosomes in a BLOC-3-dependent manner and simultaneously recruit VAMP7 in a 
BLOC-1-dependent manner, which enables formation of the 
Rab32/Rab38–Varp–VAMP7 complex on melanosomes.  Then, the fusogenically 
inactive VAMP7 in this complex returns to early endosomes without interacting with its 
cognate t-SNAREs.  Such a model, in which the BLOC-1 system and the BLOC-3 
system function in opposite directions with respect to melanosome cargo transport, 
seems to be very attractive in the field of pigment biology.  However, how this 
complex forms the VAMP7 recycling tubule from melanosomes is unknown, even 
though it has recently been reported that myosin VI regulates the formation of 
VAMP7-tubules.  Clarifying the interaction between this complex and myosin VI and 
its regulatory mechanism is the next important issue that needs to be addressed in future 
studies. 
 
Concluding remarks 
In this article, we have summarized the proposed functions of SNAREs in melanocytes, 
especially in regard to the fusion processes between melanosome-cargo-containing 
endosomes and melanosomes.  At least two types of SNARE complexes control the 
fusion processes that deliver melanosome cargoes into melanosomes, but we still cannot 
answer the basic question: How do melanocytes use two different SNARE mechanisms 
in melanosome cargo transport?  Future extensive research will clarify the difference 
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between the functions of syntaxin-3 and syntaxin-13 in melanosome cargo transport.  
Moreover, although the discovery of a SNARE recycling system from mature 
melanosomes is intriguing, several important questions regarding to the recycling 
system have arisen.  How does new tubulation from mature melanosomes occur?  
Does VAMP7 actually return to early endosomes?  Is the SNARE recycling system 
generally present in mammalian cells, despite the fact that expression of Rab32/Rab38 
are cell-type specific [42]?  Moreover, since the Rab32/Rab38 activation cycle is likely 
to be related to the SNARE recycling system, it would also be very interesting to clarify 
the relationship between BLOC-3 (Rab32/Rab38-GEF) and RUTBC1 
(Rab32/Rab38-GAP [GTPase-activating protein]) [43].  Thus, the discovery of the 
SNARE recovery system on melanosomes may provide a new starting point for 
investigation of the precise molecular mechanism of melanosome cargo transport to 
melanosomes. 
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Figure legends 
 
Figure 1 Proposed roles of SNAREs and their regulators in melanosome biogenesis 
Melanosome biogenesis progresses as melanosome cargoes such as tyrosinase and 
Tyrp1 are transported to melanosomes.  Tyrp1 and tyrosinase are transported from 
early endosomes to melanosomes (more specifically, to immature melanosomes) by a 
BLOC-1-dependent pathway and an AP-3-dependent pathway, respectively.  The 
BLOC-1 pathway loads cargoes, including Tyrp1, into recycling endosomes, and then 
BLOC-2 promotes their fusion with melanosomes.  In the 
BLOC-1/BLOC-2-dependent pathway, syntaxin-13, which is expressed in 
pan-endosomes, is transported together with Tyrp1 in the recycling endosomes, and then 
forms a complex with VAMP7 localized at melanosomes that delivers Tyrp1 to the 
melanosomes.  Meanwhile, syntaxin-3 and SNAP-23 are localized at melanosomes 
and regulate transport of melanosome cargoes by forming a complex with VAMP7 
transported by endosomes (anterograde route).  Both 
VAMP7–syntaxin-13–unknown-t-SNARE complex and VAMP7–syntaxin-3–SNAP23 
complex are likely to be involved in the fusion of Tyrp1-containing vesicle/tubule with 
immature melanosomes.  Rab32/Rab38–Varp–VAMP7 complex also participates in the 
anterograde route of the melanosome cargoes upstream of the SNARE comlexes.  
VAMP7 needs to be released from the negative regulation by Rab32/Rab38–Varp in the 
vicinity of melanosomes to exert its fusogenic activity (i.e., formation of the 
VAMP7–syntaxin-3–SNAP23 complex and VAMP7–syntaxin-13–unknown-t-SNARE 
22 
complex.)  After melanosome maturation, Rab32/Rab38 are activated by BLOC-3 and 
recruited to mature melanosomes.  Then, Rab32/Rab38 promote recruitment of Varp 
there and form a complex consisting of Rab32/Rab38–Varp–VAMP7 that suppresses the 
fusogenic activity of VAMP7.  Finally, VAMP7 tubules are formed at the pole of 
melanosomes in myosin VI-dependent manner (retrograde route) and the tubules 
presumably mediate transport of VAMP7 to early endosomes.  The dotted arrows 
indicate as yet unidentified transport pathways. 
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